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H. R. Owen 
Background 
The manipulation of plant cells, tissues, and organs in vitro is producing 
an increasing number of unique clones of industrial, biochemical, genotypic, 
and agronomic importance. Examples include regenerable genotypes, trans· 
formants, haploids, polyploids, mutants, isogenic lines, somaclonal variants, 
somatic hybrids, and secondary product-producing cultures. 
1n actClition, a wiae array of inctustrial chemicals is Clerivea from plants, 
including flavors, pigements, gums, resins, waxes, dyes, essential oils, edible 
oils, agrochemicals, enzymes, anesthetics, analgesics, stimulants, sedatives, 
narcotics, and anticancer agents (Wilkes, 1984). Secondary metabolites 
have been produced from a number of plant species in vitro, and many 
of them have biochemical importance (Fowler and Scragg, 1988). The 
combination of plant tissue culture and fermentation technology for the 
production of biochemicals has been reviewed (Zenk, 1978). 
Prolonged maintenance of elite plant cells and tissues by repeated 
subculture is expensive, time consuming, labor intensive, and often results 
in a reduction in morphogenic or biosynthetic capacity and changes in 
genetic, chromosomal, or genomic composition, such as mutations, aneu. 
ploidy, and polyploidy (D'Amato, 1975). Thus, there is a need to develop 
and utilize storage methods that reduce the maintenance requirements 
of plant cultures, while maintaining genetic, biochemical, and phenotypic 
stability (Benson and Harding, 1990; Withers, 1987b). 
MAINTAINING CULTURES FOil BIOTECHNOlOGY AND INDUSTRY 
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Plant preservation initiatives have, by necessity, focused on the conser-
vation of species and land races of international agricultural importance 
and, to a lesser extent, endangered and threatened species. Conversely, little 
effort has been made to collect and preserve systematically the increasing 
number of genotypes being developed with biotechnological applications. 
At present, these elite cultures, because they are being maintained by 
individual researchers or laboratories, are in danger of being lost. 
The purpose of this chapter is to highlight several methods for mainte-
nance and storage of plant germplasm, with particular emphasis on those 
techniques most applicable to the preservation of elite cultures used in • 
biotechnology and the plants derived from them. 
Methods of Preservation 
Seed Preservation 
Seed preservation is useful for long-term maintenance of in vitro-
derived lines if the culture is regenerable and if the characteristics of impor-
tance will be maintained after sexual reproduction and conversion to seed 
(Withers, 1991a). For most plant species, seed preservation is by far the 
preferred method for germplasm maintenance and storage. In terms of 
preservation requirements, seed may be classified as desiccation tolerant 
(orthodox) or desiccation intolerant (recalcitrant or homeohydrous) (Towill 
and Roos, 1989; Pammenter et at., 1991). Most agricultural and horticultural 
species produce desiccation-tolerant seed. In general terms, desiccation-
tolerant seeds stored at 5°C have longevities in the range of 5-20 years, 
whereas those stored at -10 to -20°C have longevities of 20-50 years or 
more (Towill and Roos, 1989). 
Seed viability during storage is influenced by seed harvesting factors, 
seed moisture content, storage temperature, and genotype. Generally, or-
thodox seeds are dried to 5-7% moisture content, sealed in moisture-proof 
containers, and stored between 5 and -20°C (Towill and Roos, 1989). 
Harrington's rule (Harrington, 1963) states that for each percent decrease 
in seed moisture content (between 5 and 14% ), a seed's life span is doubled. 
Independently, for each 5°C decrease in temperature (between 0 and 50°C), 
a seed's life span is doubled. These guidelines, however, are very general 
and are affected by a number of factors, including genotype, seed dormancy, 
and homogeneity of seed lots (Ellis, 1984b ). 
Many orthodox seeds can be dried to low moisture levels and stored 
in liquid nitrogen (LN) with very high survival rates (Sakai and Noshiro, 
1975; Standwood, 1980; Styles et at., 1982; Pence, 1991b). This, however, 
·. 
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depends on seed coat properties, seed size, and seed oil content (Standwood, 
1985; Towill, 1989; Vertucci, 1989, 1992). Freeze-drying has been used to 
a limited extent to reduce moisture contents and improve storability for 
some seed (Woodstock et a/., 1983). In addition, alternative methods to 
extend seed storage by modifying the gaseous environment have been 
reported (Syroedov et a/., 1987; Senft, 1989; Sowa et a/., 1991; Sowa and 
Towill, 1991a). 
Several tests have been employed to estimate seed vigor after storage, 
including accelerated aging, artificial aging, controlled deterioration, the 
cold test, the conductivity test, seedling growth rate, and tetrazolium testing 
(Towill and Roos, 1989; Roos and Wiesner, 1991). The entire subject of 
orthodox seed storage has been extensively reviewed (Roberts, 1975; Stan-
wood and Bass, 1981; Ellis, 1984a) and a detailed discussion of seed storage 
is outside the scope of this chapter. For specific recommendations on seed 
storage procedures and facilities, the reader is directed to several excellent 
manuals [Justice and Bass, 1978; Stanwood and Bass, 1978; Cromarty et 
al., 1985; Ellis et al., 1985; Hanson, 1985; International Board for Plant 
Genetic Resources (IBPGR), 1985]. 
Vegetative Propagation 
A number of plant species and selections cannot be maintained as 
botanical seed. Many tropical species produce desiccation-intolerant seed 
and may have life spans of only weeks to months (Farrant et a/., 1988; 
Towill and Roos, 1989). A significant number of economically important 
species produce recalcitrant seed, including avocado, cocoa, coconut, rub-
ber, mango, wild rice, tea, sugar maple, palm, chestnut, sycamore, cinnamon, 
nutmeg, mahogany, and oak (King and Roberts, 1980a,b; Ellis, 1984a; Towill 
and Roos, 1989; Williams, 1989; Shell, 1990; Withers et al. , 1990). Germ-
plasm also must be maintained vegetatively for species and selections in 
which maintenance of heterozygosity is essential, for species that do not 
set seed easily or set enough seed, for species with long juvenile periods, 
and for sterile lines (Towill and Roos, 1989). These types of plant material 
would benefit from in vitro maintenance and preservation methods. A 
number of chapters and reviews are suggested as additional information 
sources (Chin and Roberts, 1980; King and Roberts, 1980a,b; Roberts and 
King, 1980; Roberts eta/., 1984; Towill, 1988; Chin, 1988; Roos, 1989; Ford-
Lloyd, 1990) . 
In Vitro Maintenance and Storage 
GROWTH REDUCTION 
The growth of plant cells and tissues in vitro can be reduced by a 
number of methods, thus increasing the subculture interval. The principle 
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behind reduced-growth maintenance of in vitro cultures is based on the 
modification of the culture environment to reduce growth rates while main-
taining viability (Ng and Ng, 1991). Thus, the costs and potential problems 
encountered during subculturing are reduced. Several strategies are noted 
below. It is important to stress that a particular treatment, or combination 
of treatments, may or may not be tolerated by a particular species or culture 
and should be tested in each case. 
Physical Environment The most common method used to suppress 
cell division and DNA synthesis (and possibly reducing water loss) is by 
culturing at reduced temperatures, usually at or near the minimum critical 
temperature for a particular species (Kartha, 1985). Deep undercooling of 
cell cultures in an oil emulsion to subfreezing temperatures without ice 
formation has also been examined (Mathias eta!., 1985). Other manipula-
tions of the incubation temperature that were shown to be effective in 
certain cases include stepwise reduction in temperature to acclimate cul-
tures to reduced temperatures, and periodic warming of cultures during 
the storage period (Staritsky et a/., 1986). 
A reduction in oxygen content or atmospheric pressure has been used 
to reduce growth rates (Bridgen and Staby, 1981 ). Mineral oil (Caplin, 
1959; Augereau eta/., 1985), paraffin oil (Augereau eta/., 1986), and silicone 
oil overlays (Moriguchi et al., 1988) have been effective in reducing callus 
growth rates, either by reducing respiration rates or by decreasing water 
losses. Containers that allow gaseous exchange, but minimize water loss, 
also have extended subculture intervals (Reed, 1991, 1992). Other modifi-
cations of the physical environment that have been examined include callus 
desiccation (Nitzsche, 1978), reduced light (Kartha, 1981; Schaper and Zim-
mer, 1989), and dark culture (Ng and Ng, 1991). 
Culture Medium Growth also can be slowed by the addition of osmoti-
cally active substances, such as elevated sucrose or agar levels, or by the 
addition of mannitol (Wanas and Callow, 1986) or sorbitol (Gunning and 
Lagerstedt, 1986) to the culture medium. Growth regulators and inhibitors, 
such as 2,2-dimethylhydrazine, 2-chloroethyl trimethylammonium chloride 
(Gunning and Lagerstedt, 1986), N-dimethylsuccinamic acid (Mix, 1982), 
maleic hydrazide, diaminozide, chlorocholine chloride, and abscisic acid 
(Lizarraga et al., 1989) have also been used. 
Other manipulations to extend subculture intervals include periodic 
addition of liquid medium (Mullin and Schlegel, 1976), serial microtuber 
induction (Kwiatkowski et al., 1988), reduced nitrate (Moriguchi and Ya-
maki, 1989) or cytokinin (Bertrand-Desbrunais eta/., 1991) concentrations, 
reduced basal medium concentration, increased culture medium volume 
relative to explant size, and substitution of distilled water for the culture 
medium (Zee and Munekata, 1992). 
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Applications The advantages of in vitro preservation include mainte-
nance of disease-free lines, rapid clonal multiplication rates, smaller storage 
space requirements, continuous availability, and ease of shipment (Towill, 
1988; Towill and Roos, 1989). The disadvantages of in vitro maintenance 
are relatively high inputs of time and labor for culture establishment and 
maintenance, potential losses due to contamination or mislabeling, geno-
typic variability, loss of regenerative capacity, and culture-induced (so-
maclonal) genetic variation (Towill, 1988; Towill and Roos, 1989). 
Cost comparisons between in vitro maintenance and conventional in 
planta maintenance are few (Jarret and Florkowski, 1990). In vitro culture 
requires strict control of environmental conditions, such as medium constit-
uents, and often such conditions are not immediately applicable to a wide 
range of species or even selections within a species (Reed, 1990a). Thus, 
culture conditions often have to be developed for each particular species and 
culture of interest. The International Board for Plant Genetic Resources 
(IBPGR) has published general recommendations for in vitro storage, in-
cluding recommendations on the design and operation of culture facilities 
(IBPGR, 1986). 
Genetic Stability Prolonged maintenance of dedifferentiated plant 
cells and tissues in vitro by repeated subculture often results in somaclonal 
variation, and it may manifest itself at the molecular, biochemical, or pheno-
typic level (Benson and Harding, 1990). Somaclonal variation can be modi-
fied to a limited extent by environmental factors, such as medium formula-
tion and subculture interval (Reisch, 1988), but cannot be eliminated with 
certainty unless metabolism is suspended (Withers, 1990). The type of 
explant and the preservation method can have a significant impact on 
survival and the extent of somaclonal variation. In general, organized cul-
tures (meristems, shoot tips, and embryos) are more stable than unorga-
nized cultures (protoplasts, suspensions, and calli). Thus, organized cultures 
have a better likelihood of retaining their genetic integrity during prolonged 
culture in vitro (Snowcroft, 1984). For short to medium-term maintenance, 
cell and tissue cultures may benefit from some form of growth reduction, 
but for long-term maintenance, growth suspension must be recommended 
(Hiraoka and Kodama, 1984). 
GROWTH SUSPENSION 
Growth suspension by cryopreservation [termed viva-cryopreservation 
by Finkle et al. (1985b)] is recommended as the most effective way of 
preserving in vitro cultures for extended periods (Withers, 1985b; Kartha, 
1987; Benson and Harding, 1990). Cryogenic storage refers to storage below 
-130°C, where liquid water is absent and molecular kinetics and diffusion 
rates are extremely low (James, 1983; Towill and Roos, 1989). In practice, 
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this refers to storage in or over liquid nitrogen ( - 196°C liquid phase, 
-150°C vapor phase). Advantages of cryopreservation include indefinite 
storage without subculturing, frequent viability testing, and plant regenera-
tion (Towill, 1988) and maintenance of biosynthetic and regeneration capac-
ity of cultures over time (Shillito et a/., 1989). It would also facilitate the 
continued utilization of unique lines, allow for more highly controlled time 
course studies, and avoid the costly reinitiation of desirable lines. The only 
potential disadvantage of cryopreservation is the need to maintain a low-
·temperture environment without interruption (DiMaio and Shillito, 1989). 
The list of species and explant types that have been successfully cryopre-
served has increased substantially in the past 5-10 years and it now includes 
more than 100 species. It is also encouraging that postthaw viability percent-
ages are increasing. Due to the enormous variability that exists within the 
plant kingdom, however, it is unlikely that a single procedure will be identi-
fied that is applicable without modification to a large number of species. 
An exception may be in the advances realized in the cryopreservation of 
homogeneous suspension cultures, where somewhat standardized protocols 
have been detailed (Withers, 1991b ). Many of the protocols for plant cryo-
preservation have been developed by an empirical approach. With a better 
understanding of freezing tolerance, cryoprotectant action, and freezing 
damage, it may be possible to develop a limited number of cryopreservation 
protocols that would be applicable to a wider range of plant species. 
Selected cryopreservation methods by plant species and explant type 
are listed in Table 1 and are provided as suggested starting points for 
further investigations. The following sections are not intended to cover the 
subject of cryopreservation in great detail, but rather to discuss briefly the 
steps involved. For a more exhaustive discussion of the topic and for model 
protocols, the readers are directed to several comprehensive papers (Kar-
tha, 1981; Withers, 1985a, 1987a, 1990; Chen and Li, 1989) and books 
(Kartha, 1985; Grout and Morris, 1987; Li, 1989). 
Starting Material The physiological state and genotype of the mate-
rial to be preserved determine to a great extent the success or failure of 
cryopreservation (Kartha, 1981). In vitro cultures display a wide heteroge-
neity in cell synchrony and morphology (Kartha, 1987). Recently estab-
lished cultures that are in the late log phase or early division phase of 
growth contain a larger population of small, densely cytoplasmic cells and, 
therefore, are better able to withstand cryoprotection and freezing (Rajaj , 
1976a; Withers and Street, 1977). Similarly, meristematic tissues (shoot 
meristems) contain a population of dense, actively dividing cells. Organized 
cultures (meristems, shoot tips) have been shown to be more difficult to 
cryopreserve compared to cells or callus tissues, but this probably relates 
to difficulties in cryoprotectant penetration or uniformity of freezing than 
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to cell type. As a result of incomplete survival, 'cryopreserved shoot tips 
may form callus or adventitious organs (shoots, roots, or somatic embryos), 
and thus would have an increased likelihood of genetic instability (Withers 
et a/., 1990). In general, meristems isolated from temperate species are 
more tolerant to freezing than are tropical specie:s (Kartha, 1981). 
Preconditioning Preconditioning of cultures for various times at re-
duced temperatures, or elevated osmotic pressures has been shown to 
increase freezing resistance in some systems (Kart:ha, 1987). This is usually 
accomplished by culturing material at temperatures near the chilling sensi-
tivity temperature for a particular species, or by incubating cultures in a 
medium containing osmotically active compounds such as sucrose, manni-
tol, sorbitol, or proline (Withers and King, 1980; Kartha, 1987). 
Cryoprotectant Treatment With the exception of shoots of some natu-
rally cold-hardened species or artificially cold-hardened cultures (Sakai 
and Sugawara, 1973), the freeze-preservation of vegetative plant material 
requires use of cryoprotectants to minimize the occurrence of lethal intracel-
lular ice formation (Finkle et al., 1985b). A number of compounds have 
been shown to be effective, including dimethyl sulfoxide (DMSO), glycerol, 
sucrose, glucose, trehalose, sugar alcohols, diols, polyols, and amino acids 
(Kartha, 1987; de Boucaud and Cambecedes, 1988; Bakas and D isalvo, 
1991). 
Toxicity and genetic damage may be a problem due to the required 
high concentration of cryoprotectants (Ashwood--Smith, 1985; Towill and 
Roos, 1989), and chemical impurities have been shown to contribute to 
toxic effects (Matthes and Hackensellner, 1981). In many studies, however, 
a synergistic effect has been observed when combinations of cryoprotectants 
are used, and this may allow the concentrations of certain components to 
be reduced to below individual toxic levels without reducing overall efficacy 
(Benson and Harding, 1990). 
Vitrification (glass formation without ice crystallization) can be 
achieved with certain cryoprotectant solutions at. high concentration and 
by very rapid cooling rates. and this may confer protection during freezing 
in some systems by stabilizing the organization of water (James, 1983; Fahy 
et al. , 1987; Towill and Roos, 1989). 
Generally, DMSO, either alone or in combination with other protect-
ants, has been effective in conferring freeze-protec1tion to organized cultures 
(meristems and shoot tips). Preservation of unorganized cultures, such as 
cell suspensions and callus cultures, generally requires a combination of 
protectants (Withers, 1987a,b). In some cases, cryoprotectants dissolved in 
culture medium have been more effective than s1olutions prepared in dis-
tilled water (Withers, 1980). Generally, a slow or stepwise addition of 
cryoprotectants is performed to minimize osmoti1c shock. 
TABLE 1 
Selected Cryopreservation Methodologies by Plant Species and E>qplant Type 
Species Exp1antil Pretreatment and protectanth Freezing~" Recovery Regenerationd Reference 
A cer pseudoplatanus Su 0.5 M DMSO, 0.5 M glycerol, I M Pro - l•CJmin to - 35•c. then L.N 55- liQ% NR Pritchard t1 a/. (1986) 
Aesculus sp. ST Desiccate in air overnight LN immerison Yes Some Pence (1990) 
ZE Desiccation LN immersion Up to 80% NR Pence (1988) 
Aescu/us EA Desiccation LN immersion Up tO 100% Yes Pence (1992) 
JrippOGastanum 
Arabidopsi.s thaliana Pr I M Sue, 0.5 M glycerol. 0.5 M DMSO - l•CJmin to - 60'C, then LN Yes Yes Ford (1990) 
Arachis hypogaea PE Preculture 4-6 weeks. then 5% OMSO. LN immersion 29% NR Bajaj ( 1983c) 
5% Sue, 5% glycerol 
ST 5% Sue, 5% glycerol. 5% DMSO LN immersion 23- 31% Yes Bajaj (1979) 
Arachis villosa PE Preculture 4- 6 weeks, then 5% DMSO. LN immersion 38% Yes Bajaj (1983c) 
5% Sue, 5% glycerol 
Araucaria hunsteinii ZE Desiccate in air to 20% H20 LN immersion 80% 2. Pritchard and Prendergast (1986) 
Asparagus officina/is SE Preculture 0.3 M Sor. 0.2 M Sue 16 LN immersion 45- 48% Yes Uragami eta/. (1989) 
hours, then 12% EG. 0.5 M Sor 
ST Preculture 0.7 M Sue 2 days. then LN immersion 63% Yes Uragami eta/. (1990) 
desiccate to 20% H20 
Su 0.4 M Sue. 2 M glycerol - 30'C I hour, then LN 78% Yes Nishizawa eta/. (1992) 
Atropa belladonna PE 7% DMSO or 15% glycerol - 2°C/min, then LN 33% Yes Bajaj (1978) 
Pr 10% DMSO, I M Man, 4% Sue Gradual LN immersion Yes Yes Bajaj (1988) 
Su Preculture 5% DMSO. then 5% DMSO - 2•CJmin to - IOO'C, then LN 30- 40% NR Nag and Street (1975a,b) 
Beta vulgaris Me Prcculturc 5% DMSO, then DMSO-Sor To ere then -0.5- 1°C/min, Up to 58% NA Braun ( 1988) 
Betula sp. ST Winter twigs precooled to - 5•c - s•clhour stepwise to - 15•c . then LN Yes NA Sakai (1960, 1965) 
Brassica compestris PE Preculture 4- 6 weeks. then 5% DMSO. LN immersion 31 % Yes Bajaj (1983c) 
5% Sue. 5% glycerol 
Su 1.5M EG. ere LN immersion 40% NR Langis e1 a/, (1989) 
Brassica napus Mi 13% Sue - I5°C/hour to - 15•c. then, LN Yes Yes Chame era/. (1988) 
PE Preculture 4- 6 weeks, then 5% DMSO. LN immersion 44% NR Bajaj (1983c) 
5% Sue. 5% glycerol 
ST Preculture 5% DMSO 48 hours. then - l•C/min to O"C. then LN 24% NA Benwn and Noronha.Outra 
15% DMSO (1988) 
ST Preculture 5% OMSO 24 hours. then LN immersion Yes Yes Withers" a/. (1988) 
15% DMSO 
Su Preculture I M Sor - l •CJmin to - 35•c. then LN Yes NR Weber et a/. ( 1983) 
Brassica oluaua ST 1.5 M DMSO, 3'11> Gle. 20'C 2 hours -OSC/min to - IO'C. nucleate. 85% Yes Harada et at. (1985) 
var. gemnifera -0.5'C/min to - 30'C. then LN 
Bromus inumis Pr. Su 0.7 M glycerol Stepwise 4'C. -20'C. - 60'C. LN Yes NR Mazur and Hartmann ( 1979) 
Camellia sinensis EA Desiccate to 10- 13'11> H20 LN immersion &3-95'11> Yes Chaudhury era/. ( 1991) 
Cannabis sativa Su 10%DMSO - 2'Cimin to -10'C. then LN 58% NR Jekke1 et at. (1989) 
Carya sp. ST Desiccate in air overnight LN immersion Yes Some Pence (1990) 
ZE Desiccation LN immersion Up to 100% NR Pence (1988) 
Castanea sp. ST Desiccate in air overnight LN immersion Yes Some Pence (1990) 
ZE Desiccation LN immersion Up to &0% NR Pence ( 1988) 
C01haranthus roseus Pr 0.55 M Sor. 0.7M DMSO -1'C/min to -40'C. then LN 20% NR Gazcau et at. (1992) 
Su Preculture I M Sor 24 hours. then 5'11> - 0.5Cimin to - 40'C, then LN Yes NR Mannonen era/. (1990) 
DMSO 
Chomomilla recutita ST 0.5 M DMSO. 1 M glycerol, 0.2 M Sue - o.5•/min to -40'C. then LN. or LN 65'11> 40% Oiettrich eta/. (1990) 
immersion 
Cicer arietinum ST 5'11> Sue, 5'11> glycerol. 5'11> OMSO LN immersion 27-36'11> Yes Bajaj (1979) 
Chicorium intybus ST Preeulture 2 days, then 15'11> DMSO I - o.5•Cfmin to -40'C. then LN 39-50% NA Demeulemeester fl t~l. ( 1993) 
hour 
Cirrus sp. Ov 7% DMSO. 7% Sue LN immersion 29% Yes Bajaj ( 1984) 
Citrus sinensis Su 30% glycerol. 15% EG. 15'11> DMSO LN immerison 80% Yes Sakai era/. (1990) 
Cocos nucifera ZE Transverse halves 7'11> DMSO. 7% Sue LN immersion 25% NR Bajaj (1984) 
ZE Desi~a1e in air, 1!>en in 000 &'liter Sue, LN immersion ~3-93~ Yes Assy·Bah and Engelmann (1992) 
15% glycerol 
Coffea arabica SE Preeulture 0.75 M Sue. then 0. 75 M Sue. -0.5'C/min to - II'C, nucleate. then to 45-50% 2" Bertrand·Dcsbrunais er at. (1988) 
5% DMSO stepwise - 40'C, then LN 
Coffeo caneplrora ZE Desiccate in air LN immersion 41 '11> Yes Abdelnour·Esquivcl t1 at. (1992a) 
Coffeo /iberica ZE Desiccate in air LN immersion 85'11> Yes Normah and Vengadasalam 
(1992) 
Coleus bfumei Su I M Sor 8 hours - I - 2"C min' ' 35'11> NR Reurr fl at. ( 1988) 
Corylus sp. ST Desiccate in air overnight LN immersion Yes Some Pence (1990) 
Cucumis melo SE Preculture ABA 3 days. desiccate to LN immersion 14-65% Yes Shimonishi er at. (1991) 
50-65% H20 
Datura innoxi.a Pr 10% DMSO. 1 M Man, 4'11> Sue Gradual LN immersion Yes Yes Bajaj ( 1980) 
Su Preculturc I M Sor -I'C min ' to - 3s•c. then LN Yes NR Weber et at. (1983) 
Datura stramonium Su 7'11> DMSO - 1•c min· • to -IOO'C. then LN Yes NR Bajaj (1976b) 
Dauct4S carola Pr 10% DMSO. 10% glycerol <Y'C. - I'C/min to - 40'C. hold I hour. Yes NR Haurtmann and Widholm (1982) 
then LN 
SE 0.4 M Sue - 2<Y'C for 24 hours. then LN &0% 43'11> Lecouteux er of. (1991) 






TABLE 1 (Continued) 
Species Explant41 Pretreatment and protcctant~~> Freezing" Recovery Rcgcncration4 Reference 
Oendrmhema ST Preculture 2% Sue. 5% DMSO 2 days. - 0.2' Gmin to - 40' C. then LN 87% 47% Fukai (1990): Fukai <I a/. (1991a) 
gramliflorum then 10% DMSO. 3% Gle 
Dialllhus sp. ST 10% DMSO. 3% Gle - 0.5' C/min to - 40'C. then LN 92- 100% 46- 100% Fukai" a/. (1991b) 
Dianthus Me Prceulture 0.5 M Sue. then 0.5 M Sue. 5% - 0.5' Gmin. the LN 79-94% NA Dercuddre et at. ( 1987) 
caryophyllus DMSO 2 hours. O' C 
ST Preeulture 0.75 M Sue. then 0.75 M Sue. - 0.5' Gmin to - 40'C. then LN Nearly NA Dcreuddre et at. (1988) 
5- 15% DMSO 100% 
Digiwlis /amlin ST Preculture 4' C 8 weeks. then 2M DMSO - 0.5' C/min to - 40'C. then LN. or LN 70% 30% Diettrieh et a/. ( 1987) 
immersion 
Su Preculture 6% Man 3 days. then 0.5 M - l ' C/min to - 35' C. then LN > 50% NR Seitz eta/. (1983) 
DMSO. 0.5 M glycerol. I M Sue 
Dioscorea de/toidea Su Prceulture Sue or amino acids, various To - 5- ?'C, nucleate, - 0.5'C/min to Yes NR Butenko eta/. (1984) 
protectants - 30'C. - 9'Gmin to - 70'C. then LN 
Distich/is sp. Su. Pr Glc- Sue- Fru or 0.55 M Man To - 2' C. nucleated, - 5' Cihour Yes NR Bartolo eta/. (1987) 
£/aesis guineenis SE 0.75 M Sue 7 days LN immersion Yes Yes Engelmann et at. ( 1985); 
Engelmann and Dereuddre 
(1988): Engelmann (1990a.b) 
ZE Desiccation to 10.4% H20 LN immersion 100% Yes Grout eta/. (1983) 
Fagus sp. ST Desiccate in air overnight LN immersion Yes Some Pence (1990) 
ZE Desiccation LN immersion Up tO 100% NR Pence (1988) 
F<1gus sylvmica PE 2% DMSO. 2.5% Sue O' C. then - IO'C. then - 0.5' Gmin to 90% Yes Jorgensen (1991) 
- 40' C. then LN 
Fr<1garia X ananassa Me Preculture 15% DMSO 2 days - 0.84'Gmin to - 40'C. then LN 55-95% Yes Kartha ( 1980) 
Glycine max Ca Preculture 1.25 M Sue -0.5' C/min to - 40'C. then LN Yes NR Engelmann ( 1992) 
Pr 0.7 M Sor - I'Gmin to -35' C. then LN Yes NR Weber et at. ( 1983) 
Su 5% DMSO - 2'C/min to - IOO'C. then LN 50% NR Bajaj (1976b) 
Gossypium An.Ov 3% DMSO 3 days. then 5% DMSO, lN immersion 34- 42% NR Bajaj (1982) 
arboreum 5% Sue. 5% glycerol 
Gossypium An . Ov 3% DMSO 3 days. then 5% DMSO. LN immersion Yes NR Bajaj (1982) 
hirswum 5% Sue. 5% glycerol 
Grevillea scapigertl ST Prcculture 5% DMSO, the 10% DMSO -0.5' Cimin to - 40' C. then LN 20% Yes Touchell era/. (1992) 
Gypsopf>j}(j sp. ST 10% DMSO. 3% Sue - 0.5' C/min to - 40'C. then LN 90- 100% 41 -97% Fukai et at. (1991b) 
lfaplopappus ST Preculture 5% DMSO 3 days. then 10% - 0.5' C/min to - 40'C. then LN Yes Yes Taniguchi" at. (1988) 
gracilis DMSO stepwise 
llevea brasiliensis ZE Deseiccate to 16% H20 LN immersion 87% 69% Normah et at. ( 1986) 
Hordeum vulgare Ca 0.5 M DMSO. 0.5 M glycerol. I M Sue - 3'C/min to - so•c. then LN 78% Yes Hahne and Lorz ( 1987) 
4' C 2 hours. then blot 
flowea fostedana ZE Desiccation to 10% H20 LN immersion 63- 64% Yes Chin eta/. (1988) 
llyo.scyamus Su 0.5 M glycerol. 0.5 M DMSO. I M Pro or - I' C/min to -35' C. then LN Yes NR Withers and King (1980) 
mwicus Sue 
Ipomoea batatas ST 30% glycerol. 15% EG. 15% DMSO LN immersion Yes Yes Towill and Jarret (1992) 
Jugi011S sp. ST Desiccate in air overnight LN immersion Yes Some Pence (1990) 
ZE Desiccation LN immersion Up to 100% NR Pence (1988) 
Larix X tmrolepis Su 0.4 M Sor 24 hours. then 10% DMSO - 0.33' C/min to - 40'C. then LN Yes Yes Klimaszewska et at. (1992) 
Lavandula vera Ca 10% Glc. 5% DMSO -l' C/min to -40'C. then LN Yes NR Kuriyama et at. ( 1990) 
Luchnis sp. ST 10% DMSO. 3% Glc - 0.5' C/min to - 40'C. then LN 81- 100% 21- 84% Fukai et at. (199Ib) 
Lycopel'l·icon Me 15% DMSO S1cpwise LN immersion 45% 2' Grout et at. (1978) 
esculentum 
Malus dome.stica ST Donnant buds prefrozcn 10 - 15' C LN immersion Yes NR Katano et at. (1983) 
ST Desiccate to 20- 30% H20 at - 4'C - 2' C/hour to - 16' C. - IO'Cihour to Yes Yes Tyler and Stushnoff (1988a.b) 
- 30' C 24 hours. then LN 
Manihot csculenta Me Preculture 3% DMSO 5- ' days. then 5% LN immersion 29% Yes Bajaj (1983a) 
DMSO. 5% Sue. 5% gl)cerol 
ZE None LN immersion. slow stepwise thaw 97% 34% Marin eta/. ( 1990) 
Manihot utilissima Me S% Sue. 10% glycerol LN immersion 21 % 13% Bajaj ( 1977) 
Marchantia Pr Preculture 20 hours 0.23 M Man - 0.5- 0.S'C/min 40% NR Sugawara and Tekeuchi (1988) 
polymorpha 
Medicago sativa Ca 10% PEG. 8% Glc. 10% OMSO - l' C/min to - 30'C. then LN Yes Yes Finkle eta/. (1985a) 
Mentha sp. ST Stepwise 35% EG, I M DMSO. 10% LN immersion 56% 44% Towill (1990) 
PEG 8000 
Morus sp. ST Preculture 5' C 20-40 day>. then 10% - I' C/min to - 42' C. then LN Yes Yes Niino and Oka (1990) 
DMSO. 0.5 M Sor 
Morus Bombycis ST Intact buds Stepwise freezing ( - IO'C/cay) to - IO'C. 50% Yes Yakuwa and Oka (1988) 
hold 6 hours. then LN 
Musa sp. Su 7.5% DMSO - I' C/min to - IO'C. nucleate. then to 92% Yes Panis eta/. (1990) 
- 40'C. then LN 
Musa acuminata ZE Desiccate in air LN immersion 83% Yes Abdelnour-Esquivelet at. (1992b) 
Musa balbisianal ZE Desiccate in air LN immersion 92% Yes Abdelnour·Esquivel<t at. (1992b) 
Nicoriana Su Precuhure 5- 10% trehaiO"o<:. then 40% - l' C/min to - 40'C. then LN Yes NR Bhandal et at. (1985) 
plumbaginifolia trehalose 
W) Nicoriana sylvestris Su Precuhure 6% Sor 2- 5 days. then 0.5 M Slow to - 40'C. then LN 75% NR Maddox eta/. (1982·1983) 
_j 0 .... OMSO. 0.5 M glycerol 
(Continues) 
TABLE 1 (Continued) 
Species Explant• Pretreatment and prolectantb Freezing<" Recovery Regeneration" Reference 
Nicotiana tabacum PE 7% DMSO or 15% glycerol - 2' C/min. I hen LN 33% Yes Bajaj (1978} 
Pr 101\ DMSO. I M Man. 4% Sue Gradual LN immersion Yes Yes Bajaj (1988) 
Su Prceullure 5- 101\ 1rehalose. I hen 40% - I' C/min 10 -40'C. lhen LN Yes NR Bhandal eta/. (1985) 
trehalose 
Oryz.a sativa An 5% DMSO. 5% Sue. 5% glycerol LN immersion Yes Yes Bajaj (1980) 
Ca 101\ G lc. 5% DMSO - I' C/min 10 - 30'C. I hen LN Yes NR Kuriyama eta/. (1990) 
Pr. Su 5% DMSO Slow 10 - 70'C. 1hen LN Yes NR Cella eta/. (1982) 
Su 101\ PEG. 8% Glc. 101\ DMSO - I' C/min 10 - 23 or - 30'C. I hen LN Yes NR Finkle and Ulrich (1982) 
Su Precullure 0.33 M Man 3 days. I hen I M -I' C/min 10 - 35' C. lhen LN Yes Yes Meijer eta/. (1991) 
Sue. 0.4 M glycerol. 0.045 M Pro 
Oryla Pr 0.5 M Man. 5% DMSO LN vapors 12% NR Bajaj (1983d) 
sativa X Pisum 
sotivum 
Panax ginseng Su Preculture Sue or amino acids. various To - 5- 7'C. nucleale. -0.5' C/min 10 Yes NR Bu1enko eta/. (1984) 
protectants 
- 30'C. - 9"C/min lo - 70'C. I hen LN 
Su Prccullure 6% Man 3 days. !hen 0.5 M - I' C/min 10 - 35' C. I hen LN Yes NR Mannonen eta/. (1990) 
DMSO. 0.5 M glycerol. I M Sue 
Panicum maximum Su Precullure 0.33 M Man 3 days. I hen 0.5 - 0.5' C/min 10 -40'C. lhcn LN 99% NR Gnanapragasam and Vasil (1992) 
M Sor. 0.7 M DMSO 
Papaver somniferwn Su 0.5 M Sor. 5% DMSO -0.5'C/min 10 -35' C. lhcn LN Yes NR Friesen et ol. (1991) 
Pemnia hybrido PE 7% OMSO or 15% glycerol - 2"C/min. I hen LN 33% Yes Bajaj (1978} 
Phaseolus vulgaris EA 10% PEG. 8% Glc. 10% DMSO s1epwise LN immersion 59% NR Zavala and Sussex (1986) 
Phoenix dactylifera Ca 10% PEG. 8% Glc. 10% DMSO - 3° C/min to - 4°C, nucleate. - l0 C/min to Yes Yes Ulrich eta/. (1982) 
- 30'C. 1hcn LN 
ST Preeullure 0.1 M Sue I day. I hen 0.5 M - I' C/min lo - 30' C. I hen LN Yes Yes Bagnio! tt a/. ( 1992) 
Sue I day. lhen 10% DMSO. 0.5 M Sue 
Picea glauco EC 5% DMSO. 0.4 M Sor. 2% Sue -O.S' C/min 10 -40'C. 1hcn LN Yes 18-35% Toivonen and Kar1ha (1989) 
Su Prccullure 0.4 M Sor. lhen 0.4 M Sor. 5% - 0.3' C/min lo - 35' C. lhen LN Yes Yes Karlha et a/. ( 1988) 
OMSO 
Pinus caribaea Su Precullurc 0.4 M Sue. lhen 5% DMSO O.C. I hen -o.s•C/min 10 - 35' C. I hen LN Up10 100% Yes Laine et a/. ( 1992) 
Pinus pumira ST Win1er 1wigs precooled 10 -s•c 
- 5' Cihour Slepwise 10 - 30'C. I hen LN Yes NA Sakai (1960, 1965) 
Pinus sylvestris ST None -I' C/min 10 - 39"C. I hen LN Yes NR Kuoska and Hohlola (1991) 
Pisum sativum EA 10% glycerol. IM Sue. air dry I hour LN immetsion Yes Yes Mycock et of. (1991) 
Me 5% DMSO - o.6•Cfmin to - 400C. then LN Yes Yes Haskins and Kartha (1980) 
Poncims trifoliata EA Desiccation to 14% H20 LN immetsion 76% Yes Radhamani and Chandel (1992) 
Populus sp. ST \Vintel' twigs precooled to -5°C - 5•Cfhour stepwise to - 15 to -200C. Yes NA Sakai (1960. 1965) 
then LN. stow thaw 
Su 5% DMSO. 5% glycerol - t•Cfmin to - 400C. then LN Yes NR Binder and Zaerr (1980b) 
Populus Ca Prceulture t5•C (day). OOC (night) 60 -5•Cfday to - 20 or - 30"C. then LN Yes NR Sakai and Sugawara ( 1973) 
~uramericana days. then OOC 20 days 
Porphyra ye;.oensis LS None Prefreeze to - tO or - 2o•c. then LN Yes NA Sakai and Otsuka (1972) 
Primula obconica An Preeulture 3 weeks. then 7% DMSO. LN immersion Yes Yes Bajaj (198 tb) 
7% Sue 
Pseudo1suga Su 5% DMSO 1% glycerol - t•ctmin to -400C. then LN 65% NR Binder and Zaerr (1980a) 
men;.iesii 
Pyrus sp. Me Harden at - t•c (nights) I week. then -o.t•Cfmin to - 400C. then LN 5-95% Yes Reed (1990b) 
5% DMSO 48 hours. then 10% PEG. 
10% Glc. 10% DMSO 
Pyms communis Pr. Su Gtc-Suc-Fru or 0.55 M Man To - 2•c. nucleated - 5°C/hour Yes NR Bartolo et of. ( 1987) 
ST Pretreat OOC 8 weeks. preculture. 0.75 M - o.s•C/min to - JOOC. then LN 71% NA Dereuddre., of. (1990a,b) 
Sue, then 0.75 M Sue, 15% DMSO 
Pyrus pyrifolitl ST Dormant shoots pretreated - J•c 14 LN immersion 78% NA Sakai and Nishiyama (1978) 
days. - s•cJdays - IOOC I day 
Pyrus serotina ST None Stepwise freezing. then LN 80% 20- 50% Oka tt at. (1991) 
Quercus sp. ST Desicc-ate in ail' overnight LN immerison Yes Some Pence (1990) 
Quercus faginea EA Desiccate in air LN immersion 60% Yes Gonzalez-Benito and Perez-Ruiz 
(1992) 
Quercus petraea PE 2% DMSO. 2.5% Sue ooc. then - tOOC. then -o.s•ctmin to 90% Yes J~rgensen ( 1991) 
-400C. then LN 
Raphonus sp. ST Preculture 4% DMSO 2 days. then 8% - 0.25•Cfmin to - Js•c. then LN 50% NA Towill (1991) 
DMSO. 8% Sue. or 12% OMSO 
Ribt.s grossu/aria ST Preculture 4% DMSO 2 days. then 8% - o.25•Cfmin to - Js•c. then LN 67% NA Towill (1991) 
DMSO. 8% Sue. or 12% DMSO 
Robinia Pr Winter bark cells in IM Sue - 2°C hour' to - 4°C. nucleate. then to 60% NR Siminovitch (1979) 
pseud()(Jcacia -400C. then - IOOC/hour to - 700C. 
then LN 
Rosa ' Paul's Searlet' Su Preeulture 6% Man 4 days. then I M - I0C/min to -35•c. then LN Yes NR Strauss et of. ( 1985) 
OMSO. 2 M Sue. I M glycerol 
Rubus sp. Me Harden at - t•c nights I week. then -O.SOC/min to - 400C. then LN 51- 67% Yes Reed (1988) 
5% DMSO 48 hours. then tO% PEG. 
~ ~ 10% Gle. 10% DMSO 
(Continues) 
TABLE 1 (Continued) 
Species Explant• Pretreatment and protectant,. Freezing4' Recovery Regeneration,., Reference 
Saccharum sp. Ca 10% DMSO. 8% Glc - l eC/min to - 10°C 15 min. then 10 Yes Yes Jian e1 a/. ( 1987) 
- 40'C 2 hours. then LN 
Ca. Su 10% PEG. 8% G lc. 10% DMSO - I- 3' C/min IO - 30"C. then LN Yes Yes Ulrich e1 a/. (1979) 
Su Precullure 0.33 M Sor. I hen 0.64 M - 0.5' C/min 10 - 40"C. then LN Yes Yes G nanapragasam and Vasil (1990) 
DMSO. 0.5 M Sor 
ST Precullure I day. lhcn 3% alginate 2 LN immersion 60% NA Paule! et nl. (1993) 
days. then desiccate 
Salix sp. ST Winter twigs precooled 10 - SqC - 5' C/hour Slepwisc lo - 15 10 - 30"C. Yes NA Saka (1960. 1965) 
then LN. slow thaw 
Secale cereale Pr Precullure 1.75 M EG. then 7 M EG. LN immersion Yes NR L.angis and Steponkus (1989. 1990. 
0.88 M Sor. 6% BSA 1991) 
Setaria italica Ca. Su 10% DMSO. 0.5 M Sor - l' C/min Slepwisc 10 - 36' C. I hen LN Yes Yes Lu and Sun ( 1992) 
Silene sp. ST 10% DMSO. 3% Glc - 0.5' C/min 10 - 40"C. then LN 82- 100% 82- 88% Fukai e1 11/. (1991b) 
Solanum ST Precullure 2 days. lhcn 10% DMSO - 0.3' C/min 10 - 40"C. then LN 42- 69\lo Yes Towill (1981) 
ewberoswn 
Solanum goniocalyx ST 5- 10% OMSO LN immersion 20- 63% Yes Grout and Henshaw ( 1980) 
Solanum ST Prccullure I day. then 10% DMSO I LN immcrsio1t 76% 48\l Ward eta/. ( 1993) 
microdontum hour 
Solanwn phureja ST 10% OMSO - 0.2- 0.3' C/min lo - 35' C. lhen LN 96% 30% Towill (1984) 
Solanum ST Precullurc I day. then 10% DMSO I LN immersion 67% 6% Ward eta/. (1993) 
pimwtisectmn hour 
Solanum tuberosum Me I week precullure. then 5% DMSO. 5% LN immersion Yes NA Bajaj (1981a) 
glycerol. 5% Sue 
ST IO% DMSO LN immersion Yes NA Harding eta/. (1991) 
Sorghum bicolor Su 0.5 M glycerol. 0.5 M DMSO. I M Pro or - I' C/min 10 - 35' C. hold 35 min. lhen LN 25- :lO'k NR Withers and King (1980) 
Sue 
Spire11 sp. ST Precuhure 4% DMSO 2 days. lhen 8% - 0.25°C/min 10 - 35' C. I hen LN 23% NA Towill (1991) 
DMSO. 8% Sue. o r 12% DMSO 
11u:obronuz Ct1cao ZE Precuhure 3% Sue. then 0.5 M Sue. IO'h - 0.4' C/min 10 - 35' C. lhen LN Yc:o, 2' Pence (1991a) 
DMSO 
Trifolium repens Me Precuhure 5% DMSO. 5% G lc 4' C 2 - 0.3' Cimin 10 - 40"C. then LN >80\l Yc:o, Yamada et 11/. ( 1991) 
































Preculture 4-6 weeks. then 5% DMSO. 
5% Sue. 5% glycerol 
5% DMSO. 5% Gic 
5- 15% DMSO. 0.5 M Sue 
10% PEG. 8% Glc. 10% OMSO stepwise 
Preculture 0.5 mg/liter ABA 10 days 
0.5 M Man. 5% DMSO 
10% PEG. 8% Glc, 10% DMSO 
10% DMSO. 3% Glc 
Cold harden - I' C nights. 3- 7 wks 
Desiccalion lo 10% H20 
15% Sue. 5% glycerol 
Glc-Suc- Fru or 0.55 M Man 
5% DMSO. 0.25 M maltose 
0.5 M glycerol. 0.5 M Pro. I M DMSO 
O'C I hour 
On4 ear desiccalion or high osmoticum. 
preculture 15% Sue, then 5% DMSO. 
5% glycerol 
LN immersion 19% Yes Bajaj (1983b) 
-1.3'0min to - 35' C. then LN 33% Yes Takeuchi eta/. (1982) 
-0.5'0min to - 35' C. then LN Yes 2' Chen ec a/. (1985) 
LN immersion 70% NR Zavala and Sussex (1986) 
- I' C/min to - 35' C. then LN Yes Yes Kendall eta/. (1993) 
LN vapors 15% NR Bajaj ( 1983d) 
- I' Omin to - 30' C. then LN 42% Yes Ulrich e1 a/. (1984) 
-0.5'C/min to -40'C. then LN 100% 78% Fukai ec a/. (1991b) 
- I' Omin to - 35'C. then LN Yes Yes Reed (1989) 
LN immersion 63-64% Yes Chin et "'· (1988) 
Slow to - SO'C. then LN Yes NR Caruso ec al. ( 1988) 
To -2'C. nucleated. -5'0hour Yes NR Bartolotta/. (1987) 
- 0.5' 0min to - 40'C. then LN Yes NR Dussert ec a/. ( 1991) 
-0.5'0min to -40'C. then LN Yes Yes DiMaio and Shillito (1989) 
- I'C/min to -40'C. then LN Yes Yes Oelvallee tt a/. (1989) 
"Abbreviations: An, anther; Ca, callus; EA, embryo axis; EC, embryonic cotyledon; LS, leafy section; Me, shoot meristem; Mi, microspore; Ov, 
ovule; PE, pollen embryo; Pr, protoplast; SE, somatic embryo; ST, shoot tip; Su, cell suspension; ZE, zygotic embryo. 
b ABA, abscisic acid; BSA, bovine serum albumin; DMSO, dimethyl sulfoxide; EG, ethylene glycol; Glc, glucose; Man, mannitol; PEG, polyethylene 
glycol; Pro, proline; Sor, sorbitol; Sue, sucrose. 
c LN, Liquid nitrogen. 
dNA, Not applicable; NR, not reported; 2°, secondary (indirect) regeneration. 
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Freezing Three basic methods have been employed for freezing plant 
materials: very rapid freezing, slow freezing, and droplet freezing (Kartha, 
1982, 1987). Generally, rapid freezing is inferior to slow freezing, but it has 
been used successfully in the preservation of some cold-hardened shoots 
of woody species (Sakai, 1960, 1965). 
With slow freezing, ice nucleation begins in the suspending medium 
and extracellular fraction. At this point, intracellular freezing is prevented 
by the cell membrane. As the extracellular fraction freezes, extracellular 
solutes become more concentrated, causing the cell to dehydrate, thus 
minimizing damaging intracellular ice formation (Bajaj, 1985; Kartha, 1987). 
The actual success of this freezing method, however, depends on the starting 
material, pretreatments and cryoprotectants, cooling rate, and terminal 
transfer temperature to liquid nitrogen (Kartha, 1987). Generally, a freezing 
rate of - 0.25 to - 2°C/min down to - 30 to - 40°C has been effective for 
a large number of species. It is recommended, however, that the cooling 
rate and terminal transfer temperature optimum should be worked out for 
each species in question to balance the opposing factors of dehydration 
injury versus lethal intracellular ice formation (Henshaw, 1984). 
Droplet freezing (placing the explants in a drop of liquid on a piece 
of aluminum foil, rather than in a vial or straw) has been effective for 
freezing some shoot explants, presumably by conferring a more homoge-
neous freezing of the tissues through a combination of smaller sample sizes 
and more efficient thermal conductivity between the sample and the liquid 
nitrogen (Kartha et al., 1982). 
Thawing The vast majority of successful preservation protocols use 
a very rapid thawing method, in order to prevent lethal intracellular ice 
crystal growth (Kartha, 1981). A typical method is to plunge the frozen 
sample in a water bath held at 35-40°C unitl the ice is converted to liquid 
water (Bajaj, 1976a). Other methods have been used, such a higher thawing 
temperatures and microwave irradiation, to affect a more homogeneous 
warming of the sample (Reuff et al., 1988). 
Viability Testing The most useful method for determining postpres-
ervation viability is based on culture regrowth (Withers, 1986). Several 
rapid tests, however, have been employed to estimate viability, including 
triphenyltetrazolium chloride exclusion (Steponkus and Lanphear, 1967), 
infrared spectroscopy (Sowa and Towill, 1991b), fluorescein diacetate and 
phenosafranine (Widhalm, 1972), crystal violet (Ciulow et al., 1991), trypan 
blue (Weber and Lark, 1979), and Evan's blue staining (Withers, 1984). 
To increase reliability, more than one test should be used (Kartha, 1987). 
Recovery Some studies have advocated the removal of cryoprotec-
tants after thawing (Bajaj, 1976b ). However, in some studies increased 
survival was obtained without washing to remove cryoprotectants (Cella 
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eta/., 1982). Several studies recommend placing the thawed sample directly 
onto a semisolid medium to allow for a gradual dilution of cryoprotectants 
away from the sample (Withers, 1980; Seitz, 1987). The composition of the 
recovery medium is an important factor in promoting satisfactory recovery 
after freezing (Benson and Withers, 1988). Culturing thawed samples on 
a feeder layer to improve recovery has been reported (Hauptmann and 
Widholm, 1982). Organized cultures (shoot tips, meristems, and embryos) 
should be examined for the resumption of organized growth and regenera-
ble lines should be examined for retention of regenerative capacity after 
cryopreservation (Kartha, 1981). 
Evidence suggests that genetic stability is maintained in cryopreserved 
materials, and any genetic damage that may occur probably occurs during 
the actual freezing and thawing phases, rather than during storage (Benson 
and Withers, 1987; Benson and Harding, 1990). Exposure to background 
levels of radiation during storage may produce genetic change, because 
DNA repair mechanisms do not function at cryogenic temperatures; how-
ever, this is not believed to be of significant consequence for the practical 
storage times being envisioned (Towill, 1988; Towill and Roos, 1989). 
Techniques useful in the characterization and evaluation of cultures 
for genetic stability include nuclear cytology (D'Amato, 1975), isozyme 
analysis (Simpson and Withers, 1986), fourth-derivative visible spectros-
copy (Daley et a/., 1986), and restriction fragment-length polymorphism 
mapping (Helentjaris eta/., 1985; Harding 1991), as well as other molecular 
and biochemical methods. 
Alternative Storage Methods 
EMBRYOS 
Somatic and zygotic embryos have been suggested as useful propagules 
for preservation (Towill and Roos, 1989). For example, preservation of 
some racalcitrant species has been made possible by the observation that 
excised embryos behave in an orthodox manner and can be cryopreserved 
(Grout, 1986; Williams, 1989; de Boucaud et al., 1991). 
Research has also been conducted to determine the feasibility of using 
desiccated somatic embryos (Gray, 1987) or encapsulated somatic embryos 
(Kitto and Janick, 1985; Dereuddre et a/., 1991a,b; Fabre and Dereuddre, 
1990; Redenbaugh, 1990; Plessis eta/., 1991). Preservation of these "syn-
thetic seeds" would be especially useful for preservation of clonal lines; 
however, more research is needed to elucidate how to increase viability 
after drying and to inhibit precocious germination. 
NUCLEIC ACIDS 
The total genetic information of a plant can be readily isolated and 
DNA segments can be stored in lyophilized form (Withers, 1987a). These 
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genes can then be utilized in transformation experiments, either by Agro-
bacterium tumefaciens, microprojectile bombardment, microinjection, elec-
troporation, or other technologies (Peacock, 1989). Complete evaluation 
of the species, however, would not be possible (Towill and Roos, 1989), 
but this technique may be useful as a supplement to other, more complete 
storage methods. 
POLLEN 
Pollen storage can preserve genes, but may not preserve desirable gene 
combinations. Thus, it would be a useful method for storage of genes of 
interest to gene transfer technologies, similar to stored DNA. Pollen storage 
also would be a useful adjunct for germplasm preservation of lines devel-
oped for breeding programs; however, cytoplasmic genes may not be con-
served (Bajaj, 1987; Towill and Roos, 1989). 
Similar to seed, pollen can be classified as desiccation tolerant or desic-
cation sensitive (Towill and Roos, 1989), and species with disiccation-sensi-
tive seed need not produce desiccation-sensitive pollen. Several studies 
have demonstrated survival of desiccation-tolerant pollen after short-term 
storage in liquid nitrogen (Ganeshan, 1985, 1986; Parfitt and Almehdi, 1984; 
Haunold and Stanwood, 1985; Towill, 1985, 1987; Hughes et at., 1991). 
Storage of pollen in organic solvents has also been examined (Jain and 
Shivanna, 1988). Pollen viability can be routinely assessed on the basis of 
a fluorochromatic reaction (FCR) test (Shivanna et al., 1991). 
Information Sources 
International Agricultural Research Centers 
Many of the critical issues pertaining to long-term species preservation 
are applicable to in vitro preservation, and much information can be gained 
from their research programs and initiatives. 
In 1974, the Consultative Group on International Agricultural Research 
(CGIAR) established the IBPGR to conserve, protect, and document germ-
plasm resources of crop species through a worldwide network of gene banks 
(Williams, 1989; Sattaur, 1989; Shell, 1990; Gibbons, 1991). International 
Agricultural Research Centers with plant germplasm holdings include 
Centro Internacional de Agricultura Tropical (CIAT, Columbia), Centro 
Internacional de Mejoramiento de Maiz Trigo (CIMMYT, Mexico), Centro 
Internacional de Ia Papa (CIP, Peru), International Centre for Agricultural 
Research in Dry Areas (!CARDIA, Syria), International Crops Research 
Institute for the Semi-Arid Tropics (ICRISAT, India), International Insti-
tute of Tropical Agriculture (liT A, Nigeria), International Livestock Cen-
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tre for Africa (ILCA, Ethiopia), International Rice Research Institute 
(IRRI, Philippines), and the West Africa Rice Development Association 
(WARDA, Cote d'lvoire) (IBPGR, 1989). 
A recent Conservation Database search revealed that 6165 unique 
species are conserved worldwide in the form of se•~ds, cultures, or field gene 
banks (L.A. Withers, personal communication). Since 1983, the IBPGR has 
sponsored a continuing information project at the University of Nottingham 
and has established an International Data Base on In Vitro Conservation 
to assist researchers in gathering information on institutes working on tissue 
culture techniques (Wheelans and Withers, 1984, 1988; Withers et al., 1990). 
The IBPGR has a continuing mandate to fund germplasm preservation 
research projects (Coulman, 1988) and encourages the use of in vitro cul-
tures for active collections. It has established in vitro working collections 
for cassava at CIA T , for potato at CIP, and for sweet potato at liT A 
(Staritsky et al., 1986). Additionally, IBPGR has. published recommenda-
tions for the operation of seed storage facilities (IBPGR, 1985) and in vitro 
collections, and has documented several important issues, such as genetic 
stability (Snowcroft, 1984), storage economy, and international exchange 
(IBPGR, 1986). 
United States ~ational Plant Gennplasm Syste~n 
The United States National Plant Germplasm System (NPGS) is a 
cooperating network of federal , state, and privat•e-sector agencies, institu-
tions, and research units involved in the collectiom, identification, preserva-
tion, evaluation, documentation, and distribution of agricultural and indus-
trial crop species. Its three major operational functions are the working 
collections, the base collections, and germplasm services (Shands et a!., 
1989). The bulk of the working collections is held in four Regional Plant 
Introduction Stations (Griffin, Georgia; Ames, Iowa; Geneva, New York; 
and Pullman, Washington) and eight National Clonal Germplasm Reposito-
ries (Brownwood, Texas; Corvallis, Oregon; Davis, California; Geneva, 
New York; Hilo, Hawaii; Miami, Florida/Mayaguez, Puerto Rico; Riverside, 
California; and Washington, D.C.). For specific genera assigned to each, 
the reader is directed to Shands et al., (1989) ;and Hummer (1989). At 
present, the clonal germplasm repositories act as both working and base 
collections and some of these repositories are utilizing in vitro maintenance 
for selected species (Towill and Roos, 1989; Westwood, 1989). The National 
Seed Storage Laboratory in Fort Collins, Colorado, is the base collection 
for species preserved as seed, and in general it does not distribute plant ma-
terials. 
The Germplasm Resources Information Network (GRIN) database 
(Beltsville, Maryland) compiles holdings information and can be accessed 
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by anyone in the United States, Canada, Mexico, and the CGIAR Centers. 
Scientists may use this information to determine the existence of germ plasm 
that may be useful for their research efforts (Mowder and Stoner, 1989a,b). 
A secondary objective of the NPGS is to support and conduct reseach 
relating to improved methods for germplasm preservation. A recent search 
of the USDA Current Research Information System (CRIS) database re-
vealed that research on germplasm preservation is being supported at 
United States Department of Agriculture stations and at Clemson Univer-
sity, Cornell University, Kentucky State University, Tuskegee University, 
The University of Missouri, and West Virginia University. 
Culture Repositories 
International Agricultural Research Centers 
Centro Internacional de Agricultura Tropical (CIAT) 
(International Center for Tropical Agriculture) 
Apartado Aereo 6713, Cali, Columbia 
Phone (57-23) 675050 or (57-23) 689343 
Fax (57-23) 647243 
Telex 396-05769 CIA T CO 
E-mail 157:CGI301 
Cable CINA TROP 
(Phaseolus bean, cassava, rice, forage crops) 
Centro Internacional de Mejoramiento de Maiz y Trigo (CIMMYT) 
(International Maize and Wheat Improvement Center) 
P.O. Box 6-641 , Mexico 06600, D.F. Mexico 
Phone (52-595) 42100 or (52-5) 761-3311 
Fax (52-595) 41069 or 43097 
Telex 1772023 CIMTME 
E-mail 157:CGl201 
Cable CENCIMMYT 
(wheat, maize, triticale) 
Centro Internacional de Ia Papa (CIP) 
(International Potato Center) 
Apartado 5969, Lima, Peru 
Phone (51-14) 366920 
Fax (51-14) 351570 
Telex (394) 25672 PE 
E-mail 157:CGI801 and 157:CGI043 
Cable CJPAPA 
(potato, sweet potato) 
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International Board for Plant Genetic Resources (IBPGR) 
c/o Food and Agriculture Organization of the United Nations 
Via delle Sette Chiese 142 
00145 Rome, Italy 
Phone (39-6) 574-4 719 
Fax (39-6) 5750309 
Telex 4900005332 ( IBR UI) via USA 
E-mail 157:CGII01 
Cable FOODAGRI 
International Centre for Agricultural 
Research in the Dry Areas (!CARDA) 
P.O. Box 5466, Aleppo, Syrian Arab Republic 
Phone (963-21) 213433/2134771234890 
Fax (963-21) 225105 or 213490 
Telex (492) 331206/331208133I263 ICARDA SY 
(barley, lentil, faba bean, wheat chickpea) 
International Council for Research in Agroforestry (ICRAF) 
P.O. Box 30677, Nairobi, Kenya 
Phone (254-2) 521450 
Fax (254-2) 521001 
Telex (987) 22048 
E-mail 157:CGI236 
International Crops Research Institute 
for the Semi-Arid Tropics (ICRISAT) 
Pantancheru P.O., Andhra Pradesh, 502 324, India 
Phone (91-842)224016 
Fax (91-842) 241239 
Telex 422203 or 4256366 ICRI IN 
E-mail 157:CGI505 
Cable CRISAT Hyderabad 
(sorghum, millet, chickpea, pigeonpea, groundnut) 
International Institute of Tropical Agriculture (IITA) 
PMB 5320, lbadan, Nigeria 
Phone (234-22) 400300-317 
Fax (234-1) 611896 or (229) 301466 via IITA Benin 
Telex TROPIB NG (905) 31417, 31159 or TDS IBA NG (905) 20311 (Box 015) 
E-mail 10074:CGU018 
Cable TROPFOUND, IKEJA 
(cassava, maize, planta in, cowpea, soybean, rice, yam) 
In ternational Livestock Centre for Africa (ILCA) 
P.O. Box 5689, Addis Ababa, Ethiopia 
Phone (251-1) 613215 
Fax (251-1) 611892 
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International Network for the Improvement of Banana and Plantain (INIBAP} 
Pare Scientifique Agropolis 
Bat 7-Bd de la Lironde 
34980 Montferrier-sur-Lez, France 
Phone (33-67) 611302 
Fax (33-67) 610334 
Telex 490 376 INIBAP F 
International Rice Research Institute ( IRRI) 
P.O. Box 933, Manila, Philippines 
Phone (63-2) 818-1926 (Trunk Hunting Line) 
Fax (63-2) 817-8470 or (63-2) 818-2087 
Telex (ITT} 45365 RICE INST PM, ( ITT) 40890 RICE PM (Los Banos), (RCA) 
22456 IRI PH, (EASTERN) 63786 RICE PN, CAPWIRE 14861 IRRI PS 
(Mail Box) 
E-mail 157:CGI401 
Cable RICEFOUND, MANILA 
West Africa Rice Development Association (WARDA} 
01 B.P. 2551, Bouake 01, Cote d' Ivoire 
Phone (225) 632395/634514/633242/632396 
Fax (225) 634714 
Telex 69138 ADRAO CI, BOUAKE 
E-mail 157:CGI125 
Cable ADRAO BOUAKE CI 
United States National Plant Germplasm System 
National Clonal Germplasm Repository- Brownwood 
USDA-ARS 
W.R. Poage Pecan Field Station 
701 Woodson Road 
Brownwood, TX 76801 USA 
Phone (409) 272-1402 
Fax (409) 272-1401 
E-mail a03l cbrownwo 
(Carya, Castanea) 
National Clonal Germplasm Repository-Corvallis 
33447 Peoria Road 
Corvallis, OR 97333 USA 
Phone (503) 757 4448 
rax (503) 757-4548 
(Corylus, Fragaria, Humulus, Mentha, Pyrus, Ribes, Rubus, Vaccinium) 
National Clonal Germplasm Repository-Davis 
University of California 
Davis, CA 95616-8607 USA 
Phone (916} 752-6504 
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Fax (916) 752-2132 
(Actinidia, Diospyros, Ficus, Juglans, Monts, Olea, Pistacia, Prumts, Punica, Vitis) 
National Clonal Germplasm Repository-Geneva 
New York State Agricultural Experiment Station 
Cornell University 
Geneva, NY 14456-0462 USA 
Phone (315) 787-2244 or 787-2333 
(Malus, Vitis) 
National Clonal Germplasm Repository- Hila 
USDA-ARS 
P.O. Box 4487 
Hilo, HI 96720 USA 
Phone (808) 959-5833 
Fax (808) 959-3539 
(Ananas, Annona, Arrocarpus, Averrhoa, Bactris, Canarium, Carica, Litchi, 
Macadamia, Malpighia, Nephelium, Passiflora, Psidium) 
National Clonal Germplasm Repository-Miami 
13601 Old Cutler Road 
Miami, FL 33158 USA 
Phone (305) 238-9321 
(Armona, Citrus, Cotfea, Mangifera, Musa, Palmae, Persea, Saccharum, Theobroma, 
Tripsacum) 
National Clonal Germplasm Repository for Citrus/Dates 
1060 Pennsylvania Avenue 
Riverside, CA 92507 USA 
Phone (714) 787-4399 
Fax (714) 787-4398 
(Citrus, Phoenix) 
U.S. National Arboretum 
3501 New York Avenue, N.E. 
Washington, D.C. 20002 USA 
Phone (202) 475-4836 
Fax (202) 475-5252 
(woody ornamentals) 
U.S. National Seed Storage Laboratory 
Ft. Collins, CO 80523 USA 
Phone (303) 484-0402 
Fax (303) 221-1427 
Database Management Unit 
Germplasm Resources Information Network (GRIN) 
USDA-ARS, Plant Sciences Institute 
Bldg. 003, 4th floor, BARC-West 
10300 Baltimore Avenue 
220 
Beltsville, MD 20705-2350 USA 
Phone (301) 504-5666 
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